Editor's key points † Near-infrared vascular imaging systems (NIRVISs) might be of assistance in arterial cannulation by visualizing the position of the radial artery. † In this study, the use of a NIRVIS did not significantly improve the time and success rate of arterial cannulation in small children. † Future developments should focus on the insertion of the arterial cannula after the penetration of the vessel wall and not at the localization of the artery.
Arterial cannulation is essential for invasive haemodynamic monitoring and blood sampling during major (cardiothoracic) surgery and in the intensive care unit. The radial artery is the typical location for arterial cannulation, but the ulnar, brachial, or femoral arteries are good alternatives. 1 2 In adults, it is a fairly easy procedure, with a high success rate (.90%). 1 3 4 However, in small children, arterial cannulation can be a challenge, because precise localization of the tiny artery and subsequently inserting a cannula is difficult. 5 Therefore, the procedure of arterial cannulation in small children can be time-consuming and the success unpredictable. Also, multiple punctures may contribute to a higher incidence of complications, such as arterial occlusion, haematoma, thrombosis, and ischaemic damage or nerve injury. 6 A previous study showed that the visualization of veins with near-infrared (NIR) light facilitates blood withdrawal in children. 7 In the present study, we hypothesized that the visualization of the artery with an NIR vascular imaging system (NIRVIS) might decrease the time to successful arterial cannulation.
Methods
During a 10 month period, an observational study was conducted in children up to 3 yr old requiring arterial cannulation in the radial or ulnar artery before cardiothoracic surgery at a tertiary referral paediatric hospital (Wilhelmina Children's Hospital, University Medical Centre Utrecht). During the first 5 month period, arterial cannulations performed with the standard technique, based on palpation of pulsation or anatomical landmarks (n¼38), were observed. Subsequently, after introduction of an NIRVIS, arterial cannulations performed with the assistance of this device (n¼39) for the next 5 months were observed. Patients were excluded if they already had an arterial line in situ or if the cannula was placed directly into the femoral artery for a clinical reason. Study design and method of inclusion were approved by the Medical Ethics Committee, which waived the need of informed consent because the patients were not subjected to any investigational actions. Patient confidentiality was guaranteed according to the Dutch law on personal data protection. All arterial cannulations were performed by the same four experienced paediatric anaesthesiologists and five experienced nurse anaesthetists in both groups, while patients were under general inhalation anaesthesia with sevoflurane. Depending on the type of surgery and anaesthesiologist, the radial or the ulnar artery at the wrist was the preferred location for arterial cannulation. If the cannulation of the radial artery failed in both wrists, we attempted to cannulate an ulnar artery after compressing the ulnar artery to verify the patency of the radial artery. If necessary, the brachial artery or the femoral artery was cannulated. The cannulations were performed with an over-the-needle technique (Abbocath 22 or 24 G, Abbott, Chicago, IL, USA).
The NIRVIS has been described in detail previously. 7 In short, a small NIR light source is used to transilluminate the puncture site. The NIR light, invisible to the human eye, is processed by an NIR-sensitive camera and projected on a display, located above the puncture site ( Fig. 1A and B) . The blood vessels are visible on the display as dark lines against a white background of the tissue. The needle is also visible on the display, but becomes obscured by surrounding blood when entering the blood vessel. Palpation of the artery remains possible and could be used in combination with the NIRVIS during the procedure. The anaesthesiologists and nurse anaesthetists were not experienced with the use of any NIR imaging system for blood vessel visualization. Before the start of the study, all members received a short training on the practical and clinical use of the NIRVIS. The device was designed to be intuitive in use, and the two-dimensional image on the screen is easily interpretable. The study started after a 2 month introduction period in which there was ample opportunity to get acquainted with the device and user feedback was used to improve the final design. Therefore, it was not deemed necessary to implement long training sessions before the start of the study. The NIRVIS is able to visualize the radial and ulnar arteries, but not the femoral or brachial artery. If a cannulation did not succeed at the wrist, the brachial or femoral artery was cannulated without the assistance of the NIRVIS.
The total time to successful cannulation was the primary outcome measure. The time to the first flashback of blood (indicating that the artery was penetrated) and success at first attempt and the number of punctures were secondary outcome measures. Time recording started as soon as the anaesthesiologist initiated the search for an artery by palpation, anatomical landmarks or used the NIRVIS to locate the artery. The endpoint the time to successful cannulation was reached when the arterial line, either in the wrist or in another location, could be flushed with saline and an adequate arterial pressure waveform was obtained. If the anaesthesiologist decided to abort the procedure and requested an arteriotomy by the surgeon, time measurement was also stopped and the cannulation was noted as unsuccessful. The endpoint the time to first flashback of blood was reached as soon as flashback of blood was seen in the catheter hub for the first time after the start of the procedure. Success at first attempt was the number of patients in which the first puncture led to a successful cannulation. The total number of failed punctures of the entire procedure was subdivided into attempts and failures to get more insight in the cause of failure of arterial cannulation; whether locating the artery or advancing of the cannula was the main cause of failure. An attempt was defined as every skin penetration that did not lead to a successful cannulation or flashback of blood. A failure was defined as a penetration of the skin leading to flashback of blood not leading to a successful cannulation. If flashback was seen in the catheter hub, an effort was made to advance the cannula in the artery. If this did not succeed, the catheter was retracted and a subsequent attempt could be made. The attending anaesthesiologist decided if the same site was used or if another site was chosen for this subsequent attempt. The outcomes, time to successful cannulation, attempts, and failures, encompassed the whole procedure, including a switch of sites.
Age in months, weight, skin colour, presence of complicating factors (trisomy 21, availability of only one wrist for cannulation, dystrophy), mean arterial pressure, and the use of catecholamines (dopamine, milrinone, and/or phenylephrine) during the cannulation were recorded. The type of surgery was classified into mortality category, according to O'Brien and colleagues. 8 A dark skin colour was defined as skin type V or VI on the Fitzpatrick skin type scale. 9 Weight was converted to a weight-for-age z-score by the method as proposed by the Centres for Disease Control, allowing for comparison between different ages. 10 The palpability of the artery and visibility of the artery with the NIRVIS were determined by the performer. All patients were included, even if no artery was visible with the NIRVIS. All measurements were performed by one observer (N.J.C.). Assuming a time to successful cannulation of about 600 s (+120 s) and a clinically relevant decrease of 90 s with a power of 80% and a significance level of 5%, 30 patients should be included in each group. During two periods of 5 months, all consecutive patients, up to 3 yr old, undergoing arterial cannulation before cardiothoracic surgery were included.
Data were analysed using SPSS version 17 (SPSS Inc., Chicago, IL, USA). Continuous data are presented as the mean (SD) or as median with inter-quartile ranges (IQR) if not normally distributed. Dichotomous data are presented as a proportion and a percentage. Differences of continuous data between the groups were compared with a t-test, or the Mann-Whitney U-test when appropriate. The Fisher exact test was used for dichotomous data. The Kaplan-Meier log-rank test, taking censored data (i.e. unsuccessful cannulations) into account, was used to describe time. To adjust for confounders, the Cox proportional hazards regression was used for time to successful cannulation and time to first flashback of blood. Results are presented as hazard ratio (HR) with a 95% confidence interval (95% CI). A logistic regression was used to adjust for confounders on success at first attempt and results are presented as odds ratio (OR) and 95% CI.
Results
A total of 77 patients were included. Patient characteristic parameters were comparable between the two groups ( Table 1 ). In 32 out of 39 patients, it was possible to visualize the arteries with the NIRVIS. The median time to successful cannulation was 547 s (171 -1183) without and 464 s (174 -996) with the use of the NIRVIS, which was not a significant difference (P¼0.76, Table 1 , Fig. 2 were also predictors for a shorter time to first flashback of blood.
There was an apparent advantage of the NIRVIS in the total number of punctures and success at first attempt. The first attempt was successful in seven out of 38 patients without the NIRVIS and in 12 out of 39 patients with the NIRVIS (P¼0.29, Table 1 ). After adjustment for confounders, this was not a significant difference (Table 4) . Age was a significant predictor for success at first attempt with an OR of 1.12 (1.04 -1.21). The number of punctures was somewhat less with the NIRVIS [3 (1-7)] than without [6 (2-12); P¼0.10].
The number of successful cannulations in the wrist with the device [24/39 (62%)] compared with the number of cannulations without the device [19/38 (50%)] is indirectly informative about the profit of the device (P¼0.34, Table 1 ). The remaining patients, 15 out of 39 and 19 out of 38 patients in the group with and without the NIRVIS, respectively, ended up with femoral or brachial lines.
In 11 of the 39 patients in which NIRVIS was used, there was no palpable artery and the NIRVIS was successfully used to perform the cannulation. In two of the 39 patients, no arteries could be visualized with the NIRVIS and in another five patients, the arteries were only visible with difficulty. In two of these patients, there was a successful cannulation in the wrist by palpation and in another two of those patients, cannulation did not succeed at all.
Discussion
The present study is a clinical evaluation of an NIRVIS used for arterial cannulation. In most patients, it was possible to visualize the arteries in the wrist with the NIRVIS. With the use of the NIRVIS, there was a tendency towards a lower number of attempts, and an increase in success at first attempt and successful cannulation in the wrist. In 11 patients without a palpable pulse, the NIRVIS was successfully used for arterial cannulation in the wrist. However, the present study did not show a clinical significant improvement in arterial cannulation with the use of the NIRVIS in small children.
The absence of a clinical significant improvement of arterial cannulation with the NIRVIS might be explained by the type of NIRVIS used in the present study. The present NIR vascular system uses the projection of an image of the vessels on a display above the puncture site, which requires skill in eye -hand coordination. The projection of the vessels as an image on the skin, such as used by the AccuVein (AccuVein LLC, Cold Spring Harbor, NY, USA) and the Veinviewer (Christie Medical Innovations, Memphis, TN, USA), might overcome this problem, but inhibits normal visibility of the puncture site itself and can possibly cause artifacts. Also, those devices use the reflection of NIR light instead of transillumination, with theoretically less depth of visibility. The application of these devices in arterial cannulation has never been evaluated as far as we know. Furthermore, in a previous study, we were able to demonstrate that the used NIRVIS facilitated venepuncture in children. Near-infrared imaging for arterial cannulation Another explanation is that the visualization of arteries in general is not enough to improve the success rate of arterial cannulation in children. This is supported by our observation in the present study that time to first flashback of blood was relatively short in relation to the entire procedure: 3 min (171 s without NIR) for a total procedure time of 9 min (547 s without NIR). This indicates that the real problem in small children is not locating the artery, but advancing the cannula in the artery and staying within the arterial lumen. On the other hand, it is also possible that the artery is hit off centre, which would impede advancing the catheter, because the vessel axis and needle axis are poorly aligned. However, we think that this is not very likely, since the device was able to visualize arteries in most cases (32 out of 39) in high detail. We think that localization is only (small) part of the procedure besides advancing the cannula. Therefore, we believe that improving localization would probably not have additional benefit.
Unfortunately, the needle is blocked from view on the display after penetrating a blood vessel, due to the surrounding blood. Therefore, it is not possible to determine with the NIRVIS if, for example, the needle is transfixed in the opposite vessel wall. Previous research showed that there is very little variation in the anatomy of the radial and ulnar arteries in humans. Sometimes, the radial artery is absent, but other anatomical variations are rare. 11 This might explain why anatomical landmarks are reliable enough for the localization of the radial artery and are appropriate for arterial cannulation when there is no palpable pulse. A much larger anatomical variation in veins might explain why the NIRVIS is effective in venepuncture.
Because of the fact that the arteries are buried deep within the tissue, there is quite a large amount of scattering of light. Scattering is reduced with increased wavelength, and is therefore much less with NIR than with visible light. 12 However, the use of a wavelength above 1000 nm is impractical, since the absorption of water will reduce penetration depth. Furthermore, more sophisticated and expensive techniques are necessary to process wavelengths above 1000 nm. The scattering of light is tissue and wavelength-dependent and cannot be decreased by using, for example, a stronger light source. Information that is available in the light penetrating the tissue might be enhanced by using image processing techniques, providing a higher contrast, but this does not increase tissue penetration and may increase 'vessel-like' artifacts. Since we use transillumination of light, instead of reflection, there is no light reflecting directly from the surface that has to be filtered out by polarization.
Adjustment for confounding did not alter the main results, but other predictors for difficulty of arterial cannulation were found. Younger age was predictive for a more difficult arterial cannulation, an effect that is also seen with i.v. cannulation. 13 In patients with a low body weight for their age, arterial cannulation was more difficult. This probably corresponds with a poorer overall physical condition or smaller arteries of underweight patients. In the present study, arterial cannulations were performed by experienced paediatric anaesthesiologists and paediatric nurse anaesthetists. It might be possible that with less experienced performers, not used to locating the artery by palpation, the use of NIRVIS may be of additional value. To the best of our knowledge, only one abstract has been published evaluating NIRVIS in a teaching institution, assisting arterial blood gas sampling in adults, which showed a significant decrease in the mean time of the procedure and number of skin sticks. 14 In contrast to the introduction of pharmaceuticals, regulations for medical devices are less strict, and therefore medical devices are not always thoroughly evaluated in a clinical setting before market introduction. 15 The golden standard for clinical evaluation of a medical device should be demonstration of benefit in a randomized clinical trial (RCT). However, there are several design issues; for example, the type of user to be studied (only experienced vs a mix of experienced and inexperienced users), the selection of the most appropriate endpoint (success rate, time to successful cannulation), and appropriate selection of clinically meaningful effect size and sample size. For example, an RCT with only very experienced anaesthesiologists increases internal validity but has limited external validity, and this also accounts for other interventions in the procedure that deviate from the usual practice. 16 A drawback of the present study is the choice of outcome measure. Eventual failure of arterial cannulation or occurrence of significant complications would be the best primary outcome measure; however, these are rare events which require a much larger study population which is impracticable. Therefore, we opted for another clinical relevant outcome measure, which was objective and might give insight in the effectiveness of the NIRVIS in assisting arterial cannulation: time to successful cannulation.
The absence of randomization is another drawback of the study. However, we doubt whether randomization would have significantly changed the results and conclusion of the present study since patient characteristics are almost comparable between the groups (Table 1 ) and correction for potential confounders did not alter the results (Tables 2-4) .
The results of the present study might be influenced by a lack of clinical experience by the operators with the device. Most new technical devices require operator training and experience to maximize their utility. The NIR imaging system is very intuitive and easy in use and, furthermore, gives only a 2D image. We doubt that extended training with the device would have improved the results further. The study started after a 2 month introduction period in which there was ample opportunity to get acquainted with the device. Also, user feedback was used to improve the final design. Furthermore, we have questioned the involved anaesthesiologists systematically at the end of the inclusion period. Each stated to have sufficient experience with the NIR imaging system, but all expressed that they felt that its additive value was limited. Actual clinical use of the device after the study period is also informative and reflects a lack of perceived additional value. At present, the NIR imaging system is available daily at the paediatric OR complex, but hardly used by the paediatric cardiac anaesthesiologists.
Several other methods have been suggested to facilitate arterial cannulation in infants and children. To visualize the radial artery, ultrasound and transillumination have been used. Transillumination with visible light for visualization of the radial artery has been described by two studies; however, both did not include a control group. 17 18 The results for ultrasound are inconclusive in children; one study found a significant difference in success and number of attempts when ultrasound was used by experienced performers, 19 whereas another study with staff inexperienced with the use of ultrasound did not report a significant difference. 20 These findings may relate to the main disadvantage of ultrasound: it requires experience and skill for optimal use since ultrasound requires three-dimensional insight. NIR requires much less experience than ultrasound guidance since only a two-dimensional image is displayed on a screen ( Fig. 1A and B) , whereas ultrasound is informative in three dimensions.
The results of our study suggest that the search for a solution for difficult arterial cannulation should not focus on the localization of the artery, but on new techniques facilitating insertion of the cannula after penetration of the artery. The use of guidewires might therefore be an interesting option (Seldinger technique). A guidewire allows for protrusion of a cannula, even if the needle is accidentally caught in the opposite vessel wall, by retracting the needle and protruding the cannula over the wire. As far as we know, only one study has been conducted in paediatric patients, showing a significant shorter cannulation time and higher success rate. 21 In adults, only a benefit with the Seldinger technique was found in patients with a poor palpable pulse. 22 23 It is a local custom of our paediatric cardiac anaesthesia team not to use guidewires to assist arterial cannulation, although we are aware that the use of guidewires has been proven to increase success rates in children. Therefore, we could not compare NIR imaging with the guidewire technique.
We conclude from the present study that the use of NIRVIS does not significantly improve time and success rate of arterial cannulation in small children, although there is a tendency in favour of success at first attempt and number of punctures. Future developments should probably be aimed at the insertion of the arterial cannula after penetration of the vessel wall and most likely not at the localization of the artery.
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